Cell migration plays a critical role in a wide variety of physiological and pathological phenomena, including morphogenic processes during embryogenesis, inflammatory responses, wound healing, atherosclerosis, and tumor cell dissemination (38, 60) . Chemotaxis is a directed movement of cells toward a positive gradient of a soluble chemoattractant. A number of chemokines, other inflammatory mediators, growth factors, and cytokines have been shown to have activities as chemoattractants (38, 60) . Chemoattractant receptors, upon ligand binding, activate a complex and a not yet fully defined array of signaling cascades involving protein tyrosine kinases, phospholipases, lipid kinases, and the low-molecular-weight GTP-binding (G) proteins to regulate actin organization and myosin motor function, which constitute essential processes for cell migration (6, 13, 38, 60) . Among the low-molecular-weight G proteins, the Rho family GTPases have received much interest as regulators of the actin cytoskeleton (13, 22, 38) . Thus, Rho mediates stress fiber formation and focal adhesion, while Rac and Cdc42 direct peripheral actin assembly that results in the formation of lamellipodia and filopodia, respectively, at the leading edge (22) . Expression of a dominant-negative Rac mutant has been shown to inhibit chemoattractant-directed migration in several cell types (3, 7, 42) . Inhibition of Rac activity in the Drosophila melanogaster embryo results in morphogenic defects (43) . Conversely, expression of active Rac and Tiam1, which is a known activator of Rac, has been shown to promote cell migration in several cell types (32, 42, 61) . In addition, p65PAK, a known downstream effector of Rac and Cdc42, is implicated in the regulation of cell motility (1, 14, 64) . On the other hand, it has been suggested that lipid kinase phosphoinositide (PI) 3-kinase acts upstream of Rac in chemoattractant-activated signaling for lamellipodium formation as well as cell migration (2, 24, 27, 45, 58) . In addition, a number of studies also implicate Cdc42 and Rho in cell migration (3, 6, 38, 69) . Thus, the signaling pathway comprising PI 3-kinase, Rac, and other Rho family G protein members and their downstream effectors including p65PAK appears to play a critical role in the regulation of cell migration (6, 10, 13, 38, 60) .
Sphingosine-1-phosphate (S1P) is a lysophospholipid with a remarkably wide variety of biological activities, including stimulation of mitogenesis, cell differentiation, and smooth muscle contraction; regulation of cell migration; and inhibition of tumor cell invasion (for reviews, see references 5, 15, 26, 29, 49, 65, 66, 68) . Recent identification of cell surface heptahelical receptors for S1P and its structurally related lysophospholipid, lysophosphatidic acid (LPA), which are collectively designated EDG (for endothelial differentiation gene) or LP (for lysophospholipid) receptors, strongly suggests that a diversity of S1P-induced responses are mediated through the EDG receptors (5, 15, 26, 49, 65, 66, 68) , although some biological activities of S1P were reported to be mediated through its intracel-lular actions (16, 54, 57, 58, 65, 66, 70, 74) . Among the EDG receptors, EDG1, EDG3, EDG5 (AGR16 or H218), and EDG8 are identified as receptors specific for S1P (8, 20, 30, 34, 35, 44, 46, 47, 49, 65, 66, 71) , while EDG2, EDG4, and EDG7 are receptors specific for LPA (5, 15, 26, 49) . EDG1, EDG3, and EDG5 are widely expressed in various tissues (25, 53, 76) , whereas expression of EDG8 is confined to the central nervous system (30) . We and others have shown that the S1P receptors exhibit distinct signaling characteristics. EDG1 is coupled exclusively via the heterotrimeric Gi protein to multiple signaling pathways including phospholipase C activation, Ca 2ϩ mobilization, Ras-mitogen activated protein kinase (MAPK)-extracellular signal-regulated protein kinase (ERK) activation, and inhibition of adenylate cyclase (8, 34, 39, 51, 52, 70, 75) . EDG3 is coupled via Gi to Ras-MAPK activation and adenylate cyclase inhibition and also to phospholipase C activation largely via Gq/11 (4, 8, 34, 51, 75) . EDG5 is coupled to Ras-MAPK activation, to phospholipase C activation, and to adenylate cyclase stimulation via Gi, Gq/11, and Gs, respectively (4, 8, 20, 34, 51, 71, 75) . In addition, EDG3 and EDG5, but not EDG1, mediate S1P-induced stress fiber formation (20, 40) .
Of particular interest in the diverse S1P actions are the effects of S1P on cell motility. Strikingly, S1P inhibits, rather than stimulates, the migration of vascular smooth muscle cells (12) and neutrophils (31) and also the invasiveness of some tumor cells including melanoma cells (59, 77) , osteosarcoma cells (59) , and breast carcinoma cells (72, 74) . The inhibitory actions of S1P on motility of melanoma cells are suggested to be mediated by cell surface action, because immobilized S1P inhibits migration as effectively as soluble S1P (77) . On the other hand, intracellular actions of S1P in inhibiting migration of breast cancer cells were suggested on the basis of the effectiveness of intracellularly introduced photolyzable S1P and overexpressed S1P-synthesizing enzyme sphingosine kinase (74) . In contrast to these cases, S1P was recently demonstrated to direct the chemotaxis of vascular endothelial cells (40, 41, 75) . While this paper was in preparation, it was shown that Chinese hamster ovary (CHO) cells (34) and HEK293 cells (73) that selectively express either EDG1 or EDG3, but not cells that express EDG5 or nontransfected cells, exhibited chemotaxis toward S1P. To date, it remains unsettled whether S1P-induced inhibition of cell motility involves a receptormediated process and, if so, which EDG receptor mediates inhibition of cell migration in response to S1P and what cellular mechanisms underlie the inhibitory actions of S1P on cell motility.
We demonstrate here that EDG5 mediates a complete inhibition of cell migration toward chemoattractant insulin-like growth factor I (IGF I), while EDG1 and EDG3 trigger chemotaxis. EDG5 mediates a complete inhibition of IGF I-induced, PI 3-kinase-dependent Rac activation, which is required for IGF I-directed chemotaxis, whereas EDG1 and EDG3 mediate stimulation of Rac activation. We further show that the site of S1P action in inhibiting Rac in EDG5-expressing cells is distal to PI 3-kinase and involves stimulation of a GTPase-activating protein (GAP) for Rac, rather than inhibition of Rac-guanine nucleotide exchange protein (GEF) or an increase in cellular cyclic AMP.
MATERIALS AND METHODS

Cells. CHO-K1 (CHO) and Swiss 3T3
K cells, obtained from RIKEN Cell Bank (Tsukuba, Japan) and Enrique Rozengurt (Imperial Cancer Research Fund, London, United Kingdom), respectively, were grown in Ham's F-12 medium (CHO) and Dulbecco modified Eagle medium (Swiss 3T3 K cells) supplemented with 10% fetal calf serum (Equitech-Bio, Ingram, Tex.), 100 U of penicillin/ml, and 100 g of streptomycin (Wako Pure Chemicals, Osaka, Japan)/ml. CHO cells overexpressing EDG1, EDG3, or EDG5 were described previously (20, 51, 52). Before each experiment, cells were switched to the respective medium supplemented with 1% fetal calf serum.
Plasmids and transfections. EDG1, EDG3, and EDG5 cDNAs were described previously (20, 51, 53 , and myctagged PAK1 (pME18S-V  12 -Rac1, pME18S-myc-V  12 -Rac1, pME18S-N  17 -Rac1,  pME18S-myc-N 17 -Rac1, pME18S-myc-Rac1, and pCMV6M-PAK1, respectively) were described previously (17, 48, 64, 67) . N 17 -Cdc42 and myc-N 19 -RhoA cDNAs were obtained by PCR as described previously (17, 48) and ligated onto pME18S to generate pME18S-N 17 -Cdc42 and pME18S-myc-N 19 -RhoA. ␤-Galactosidase expression vector pCAGGS-LacZ was obtained from I. Saito (Institute of Medical Sciences, University of Tokyo) and J. Miyazaki (Osaka University Medical School). Replication-deficient adenoviruses encoding N 17 -Ras and N 17 -Rac1 were generated and amplified as described previously (17) . The cells were infected with adenoviruses at a multiplicity of infection of 100, which conferred successful gene transduction in more than 95% of cells. Transfection for transient gene expression was carried out by using Lipofectamine (Life Technologies, Inc.). Cells used in the migration assay were cotransfected with either the expression plasmids for the dominant-negative small G proteins or the empty vector and pCAGGS-LacZ 48 h before the migration assay (42) . For producing recombinant proteins in Escherichia coli, human wild-type Rac1 cDNA, mouse rhotekin (amino acids 7 to 89) cDNA, and rat ␣-PAK (amino acids 75 to 131) cDNA (the last two were obtained from mouse and rat brain, respectively, by reverse transcription-PCR) were ligated onto pGEX-2T (Amersham Pharmacia Biotech) at the BamH1-EcoR1 sites to generate pGEX-2T-Rac, pGEX-2T-rhotekin, and pGEX-2T-PAK.
Materials. S1P, dihydro-S1P and sphingosylphosphorylcholine (SPC) were obtained from Biomol (Plymouth Meeting, Pa.). Sphingosine was purchased from Sigma. These sphingolipids were dissolved in dimethyl sulfoxide at 2 ϫ 10 Ϫ3 M, aliquoted, and stored at Ϫ80°C. Final solvent concentrations did not exceed 0.1%. Recombinant human IGF I was purchased from R&D Systems.
Chemotaxis. Chemotactic migration of cells was measured in a modified Boyden chamber as described previously (80) . Briefly, polycarbonate filters with 8-m pores (Neuroprobe) were coated with 10 g of fibronectin (Sigma)/ml in Dulbecco's phosphate-buffered saline (PBS) for 60 min and dried. The coated filter was then placed on a 96-blind-well chamber (Neuroprobe) containing S1P and IGF I, and the CHO cells (8 ϫ 10 4 cells in 200 l per well) were loaded into the upper wells. Ligand solutions and the cell suspension were prepared in Ham's F-12 medium containing 0.1% fatty acid-free bovine serum albumin (Sigma). After incubation at 37°C in 5% CO 2 for 4 h, the filter was disassembled. The cells on the filter were fixed with methanol and stained with a Diff-Quick staining kit (International Reagents Corp.). The upper side of the filter was then scraped free of cells. The number of cells that migrated to the lower side of the filter was determined by measuring optical densities at 595 nm using a 96-well microplate reader, model 3550 (Bio-Rad). In the migration assay using cells cotransfected with a ␤-galactosidase expression vector and other vectors, the migratory cells attached to the lower side of the membrane were stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) substrate (42) . The number of X-Gal stain-positive migratory cells was determined using a microplate reader as described above.
GAP activity assay. CHO cells expressing EDGs were treated with or without S1P (0.1 M) and/or IGF I (100 ng/ml) as described in the figure legends. The cells were washed with ice-cold buffer A containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 20 mM MgCl 2 , 5 mM NaF, 1 mM Na 3 VO 4 , and 5 mM EGTA and lysed in a modified buffer A supplemented with 5 g of leupeptin and aprotinin/ ml, 0.6 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5% Triton X-100. Cell lysate was collected with a cell scraper and centrifuged at 18,000 ϫ g at 4°C for 10 min. The supernatants were used as cell extracts. The glutathione S-transferase (GST)-Rac1 fusion protein was produced in strain DH5␣ of E. coli transformed with pGEX-2T-Rac1 and cleaved with thrombin (62) . Recombinant Rac1 (1 g) was preloaded with [␥-33 P]GTP (2,000 to 4,000 Ci/mmol; NEN) in 25 l of loading buffer (20 mM Tris-HCl [pH 7.6], 25 mM NaCl, 0.1 mM dithiothreitol, 4 M GTP, 4 mM EDTA) for 10 min at 30°C (63) . Cell extracts (40 l) were then added to 5 l of the preloaded protein in the presence of 1 mM unlabeled GTP and 17 mM MgCl 2 at 20°C. Samples (10 l) were removed at time zero and at 5-and 10-min intervals and diluted with 3 ml of cold assay buffer (50 mM Tris-HCl [pH 7.6], 100 mM NaCl, 20 mM MgCl 2 ), followed by immediate filtration through a prewetted nitrocellulose filter (NC 45; 0.45-m pore size; Schleicher & Schuell). After two washes with 3 ml of cold assay buffer, the amount of remaining radioactivity bound to the protein was determined by scintillation counting.
GEF activity assay. After stimulation, CHO cells expressing either of the EDG subtypes were lysed in 300 l of lysis buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 10 mM MgCl 2 , 1% Triton X-100, 0.5 mM NaF, 0.5 mM Na 3 VO 4 , 100 nM okadaic acid, 5 g of leupeptin and aprotinin/ml, 1 mM PMSF). The lysates were centrifuged at 15,000 ϫ g at 4°C for 10 min, and the supernatants were assayed for GEF activity (63) . Recombinant Rac1 (2 g) was preloaded with [ .0], 100 mM NaCl, 10 mM MgCl 2 ), and filtrated for determining the amount of radioactivity bound to the protein, as described above for the GAP assay.
Determination of the activity of Rho, Rac, and Cdc42. Cells were washed with ice-cold Ca 2ϩ -and Mg 2ϩ -free Dulbecco's PBS and lysed in a lysis buffer (50 mM Tris-HCl [pH 7.2], 500 mM NaCl, 10 mM MgCl 2 , 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 5 g of leupeptin and aprotinin/ml, 0.1 mM PMSF). Cell lysates were clarified by centrifugation at 18,000 ϫ g at 4°C for 10 min, and equal volumes of lysates were incubated with GST-rhotekin (for determination of Rho activity) (54) or GST-p21-activated kinase (PAK) (for determination of Rac and Cdc42 activities) (61) bound to glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech) at 4°C for 45 min. The beads were washed three times with a washing buffer (50 mM Tris-HCl [pH 7.2], 150 mM NaCl, 10 mM MgCl 2 , 1% Triton X-100, 5 g of leupeptin and aprotinin/ml, 0.1 mM PMSF). Bound Rho, Rac, and Cdc42 proteins were quantitatively detected by Western blotting using monoclonal antibodies against RhoA (Santa Cruz Biotechnology), Rac (Upstate Biotechnology, Inc.), and Cdc42 (Santa Cruz Biotechnology), respectively, and by densitometry of the corresponding bands using the Quantity One image analyzing system (PDI, Inc.).
PAK kinase assay. For measurement of the PAK activity, cells were transiently transfected with pCMV6M-myc-PAK1 and lysed in a lysis buffer (40 mM HEPES [pH 7.4], 100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 25 mM NaF, 1 mM Na 3 VO 4 , 5 g of leupeptin and aprotinin/ml, 0.1 mM PMSF). myc-tagged PAK1 was immunoprecipitated by using a mouse monoclonal anti-myc epitope antibody (clone 9E10). PAK activity associated with the immune complex was assayed in vitro using myelin basic protein (Sigma) as the substrate, as described previously (10) .
PI 3-kinase assay. The assay of PI 3-kinase activity was carried out as described previously (67) . PI 3-kinase activity was measured in immunoprecipitates with an antiphosphotyrosine antibody (PY20) (ICN), using PI as the substrate.
Fluorescence microscopy. Cells cultured in 35-mm-diameter dishes were fixed in 3.7% formaldehyde, permeabilized in 0.25% Triton X-100, and blocked with 3% bovine serum albumin in PBS (67) . After incubation with primary antibodies, the cells were stained with fluorescein isothiocyanate-conjugated sheep antimouse antibody (Amersham Pharmacia Biotech). Tetramethyl rhodamine B isothiocyanate (TRITC)-labeled phalloidin (Sigma) was used to visualize F-actin. The cells were observed under an inverted fluorescence microscope (IX70; Olympus, Tokyo, Japan).
RESULTS
EDG5 selectively mediates S1P inhibition of cell migration toward IGF I, whereas EDG1 and EDG3 mediate chemotaxis toward S1P. We previously established CHO cell lines which stably express EDG1, EDG3, or EDG5 S1P receptors, i.e., EDG1 cells, EDG3 cells, and EDG5 cells (20, 51, 52) . They showed active chemotaxis toward IGF I in standard multiwell Boyden chamber assays comparable to that shown by parental nontransfected CHO cells (Fig. 1A, bottom) , indicating that the effector pathway for chemotaxis is not compromised by the expression of the EDG receptors. To clarify the biological activity of each isoform of the EDG receptors for cell migration, we first measured the movement of cells across a porous membrane in response to a concentration gradient of S1P by including S1P only in the lower chamber (Fig. 1A, top) . Both EDG1 cells and EDG3 cells showed dose-dependent migration toward S1P. The effects were readily detectable at a concentration as low as 1 nM S1P, with a peak response observed at 0.1 M and a decline of the responses at supramaximal concentrations of S1P. The maximal migration toward S1P was comparable to the maximal effect induced by IGF I (100 ng/ ml). The results are consistent with recently reported studies of vascular endothelial cells expressing endogenous EDG1 and EDG3 receptors (40, 41) and HEK293 cells (73) and CHO cells (35) overexpressing EDG1 and EDG3 receptors. In the presence of 0.1 M S1P on both sides of the membrane, migration of either EDG1 cells or EDG3 cells across the membrane was reduced to less than 30% of the values in the presence of S1P only in the lower chamber (data not shown). The results indicate that the major portions of the S1P-induced migration in EDG1 and EDG3 cells reflected chemotaxis rather than chemokinesis (random motility).
In sharp contrast to these cell types, EDG5 cells did not show migration in response to a concentration gradient of S1P except at very high concentrations (м1 M), but rather demonstrated a reduction in migration below a basal value in the presence of 0.01 M S1P (Fig. 1A, top) . Nontransfected parental CHO cells, which express a low level of endogenous EDG5 receptors but not a detectable level of EDG1 or EDG3 (51), also showed a slight inhibition of cell migration at S1P concentrations of м0.1 M.
We next examined whether each isoform of the S1P receptors modulated chemotaxis toward IGF I. When S1P was included together with IGF I in the lower chamber, a marked inhibition of chemotaxis toward IGF I was observed in EDG5 cells but not in EDG1 cells or EDG3 cells (Fig. 1A, bottom) . The S1P inhibition observed in EDG5 cells was dose dependent, with a nearly complete inhibition at 0.1 M. Nontransfected CHO cells again exhibited a slight inhibition of IGF I-induced chemotaxis in response to S1P. In EDG5 cells, S1P was effective in inhibiting IGF I-induced chemotaxis only when S1P was present in the lower well (Fig. 1B) . Thus, EDG5-mediated inhibition of chemotaxis toward IGF I was dependent on an S1P concentration gradient. Besides S1P, dihydro-S1P, which is also a potent agonist for EDG5 (71) , inhibited IGF I-induced chemotaxis with a potency similar to that of S1P (Table 1) . SPC, a weaker agonist for EDG5 (4, 20, 52, 75) , inhibited IGF I-induced chemotaxis with less potency than S1P and dihydro-S1P. Sphingosine, which does not serve as an agonist for EDG5 (8, 20, 71) , was essentially ineffective at the doses employed. We tested the possibility that S1P would affect the adhesion of EDG5 cells to the fibronectin-coated substratum, thereby affecting cell migration across the membrane. However, this was not the case: S1P did not affect the adhesion of EDG5 cells to the fibronectin-coated substratum (data not shown).
EDG5 mediates formation of stress fibers and inhibition of IGF I-induced membrane ruffling, whereas EDG1 mediates membrane ruffling. We found that EDG5 and EDG1 regulate the reorganization of the actin cytoskeleton in totally different ways. Shown in Fig. 2A are EDG1 cells and EDG5 cells stained with TRITC-labeled phalloidin to visualize F-actin. In a basal unstimulated state EDG5 cells (b) showed slightly enhanced stress fiber formation compared to EDG1 cells (a). In both cell types IGF I induced membrane ruffling as well as a reduction in stress fiber formation (c and d). In EDG1 cells S1P was as effective as IGF I in inducing membrane ruffling and reducing stress fibers (e). In sharp contrast to EDG1 cells, EDG5 cells responded to S1P with augmented formation of stress fibers but not of membrane ruffles (f). In addition, when S1P was added together with IGF I to EDG5 cells, it completely abolished IGF I-induced membrane ruffling (h). The simultaneous addition of S1P and IGF I to EDG1 cells did not strengthen membrane ruffling compared to the addition of either alone (g). We further examined whether S1P stimulation of EDG5 had any effect on membrane ruffling induced by the expression of a GTPase-deficient, constitutively active myc-tagged V 12 -Rac (Fig. 2B) . We observed that EDG5 stimulation did not inhibit V 12 -Rac-induced membrane ruffling (compare a and c). S1P-and IGF I-induced chemotaxis requires the activities of Rac, Cdc42, PI 3-kinase, and a protein tyrosine kinase. Previous investigations (3, 7, 18, 22, 36, 38) demonstrated roles for Ras and the Rho family GTPases, especially Rac, in chemotaxis. We therefore determined the effects of adenovirusmediated expression of dominant-negative forms of H-Ras and Rac1, N 17 -Ras and N 17 -Rac, respectively, on migration toward S1P (Fig. 3A) . The expression of N 17 -Rac, but not of LacZ, totally abolished the migration of EDG1 cells toward S1P and IGF I (Fig. 3A, top) . However, the expression of N 17 -Ras, which totally abolished S1P-induced ERK activation as previously reported by us (51), only partially (approximately 25%) reduced chemotaxis toward S1P and IGF I. The expression of N 17 -Ras and N 17 -Rac in transfected cells was confirmed by Western blotting (Fig. 3A, bottom) . We also determined the effects of the expression of dominant-negative forms of Cdc42 and RhoA, N 17 -Cdc42 and N 19 -RhoA, respectively, in a transient transfection assay using plasmid expression vectors. The coexpression of N 17 -Cdc42 and ␤-galactosidase nearly abolished the chemotaxis of transfected cells toward S1P and IGF I, as did N 17 -Rac expression (Fig. 3B) . In contrast, the expression of N 19 -RhoA, which abolished S1P-induced stress fiber formation in EDG3 and EDG5 cells (data not shown), did not inhibit chemotaxis toward S1P and IGF I. The expression of dominant-negative small G proteins in transfected cells was confirmed by Western blotting (Fig. 3B, bottom) .
We also explored other intracellular signaling molecules that are required for chemotaxis induced by S1P and IGF I. IGF I-directed chemotaxis in four CHO cell types was approximately 70% reduced after pretreatment with the PI 3-kinase FIG. 1. (A) EDG5 mediates inhibition by S1P of cell migration, whereas EDG1 and EDG3 mediate chemotaxis toward S1P. Migration across the porous filter of CHO cells expressing either EDG1, EDG3, or EDG5 and nontransfected CHO cells was determined in the presence of S1P alone at various concentrations (top) and of S1P plus IGF I (100 ng/ml) (bottom) in the lower wells of the Boyden chamber. OD, optical density. (B) EDG5-mediated inhibition of chemotaxis is dependent on a S1P concentration gradient. Migration of EDG5 cells was determined in the presence or absence of S1P (0.1 M) and IGF I (100 ng/ml) in the upper and lower chambers. All data are means Ϯ standard errors of three determinations and are representative of three independent experiments with similar results.
inhibitors LY294002 (30 M) and wortmannin (0.1 M) and was nearly completely abolished by tyrosine kinase inhibitor genistein (100 M). Pertussis toxin (PTX) pretreatment was ineffective in inhibiting migration toward IGF I. Similar to chemotaxis toward IGF I, chemotaxis toward S1P of EDG1 and EDG3 cells was potently inhibited by the PI 3-kinase inhibitors and genistein. Unlike chemotaxis toward IGF I however, chemotaxis toward S1P in EDG1 and EDG3 cells was totally abolished by PTX pretreatment, which was consistent with previous reports (50, 60, 80) showing that, among the heptahelical G protein-coupled type of receptors, Gi-coupled receptors preferentially mediate chemotaxis. We also observed that chemotaxis toward either S1P or IGF I was not sensitive to PD98059 (30 M), SB203580 (10 M), HA1077 (10 M), or GF109203X (5 M); these are the inhibitors for MAPK kinase, p38MAPK, Rho kinase, and protein kinase C (PKC), respectively. These composite results indicate that the chemotactic signals elicited by Gi-coupled heptahelical receptors EDG1 and EDG3 and IGF I receptor tyrosine kinase converge before the common pathway comprising Rac and Cdc42, tyrosine kinases, and PI 3-kinase.
We also observed that PI 3-kinase inhibitors LY294002 and wortmannin and adenovirus-mediated expression of N 17 -Rac, but not LacZ, abolished S1P-induced membrane ruffling in EDG1 cells (Fig. 3C) , similar to IGF I stimulation in EDG1 and EDG5 cells (data not shown). In addition, treatment of EDG1 cells with the PI 3-kinase inhibitors augmented stress fibers. The results indicate that PI 3-kinase and Rac are required for S1P-and IGF I-induced membrane ruffling as well.
EDG5 mediates inhibition of IGF I stimulation of Rac and p65PAK, whereas EDG1 and EDG3 mediate activation of Rac and p65PAK. Since Rac seemed to be located downstream of PI 3-kinase (24, 27, 45, 58), we first determined whether or not EDG5-mediated signaling affected cellular Rac activity. The Rac activation assay using recombinant GTP-Rac binding fusion protein GST-PAK1(75-131) (61) showed that IGF I induced similar increases in the amounts of GTP-loaded Rac in all of the four CHO cell types (Fig. 4A) . IGF I-induced Rac activation was biphasic with a peak activation at 1 min followed by a lower level of sustained stimulation for at least 10 min (Fig. 4C) . In EDG1 cells and EDG3 cells, but not in parental CHO cells, S1P also induced biphasic increases in the amount of GTP-loaded Rac (Fig. 4D) with a dose-response relationship similar to that observed for S1P-induced migration (compare Fig. 1A and 4D ). The maximal effects and time courses of S1P-induced and IGF I-induced Rac activation in EDG1 cells and EDG3 cells were comparable. In EDG5 cells, by sharp contrast, S1P slightly reduced the amount of GTP-loaded Rac below a basal level (Fig. 4A and D) . When EDG5 cells were stimulated with IGF I together with S1P, Rac activation was strongly suppressed (Fig. 4B, C, and E) . Thus, in EDG5 cells S1P dose-dependently inhibited IGF I-stimulated Rac activation, with a nearly complete inhibition at 0.1 M S1P; in EDG1 cells, by contrast, the addition of S1P together with IGF I caused up to a 2.5-fold-greater increase in the amount of GTPbound Rac than the addition of IGF I alone (Fig. 4B) . The inhibitory effect of S1P on IGF I-induced Rac activation was dependent on the time length of S1P pretreatment (Fig. 4E) ; the inhibition by S1P was maximal with a 10-min pretreatment. Dihydro-S1P induced responses in the three EDG cell types similar in magnitude to those induced by S1P (Table 2) .
In EDG5 cells transiently transfected with an expression vector for myc-tagged wild-type Rac, S1P reduced the amounts of the GTP-bound forms of both endogenous and exogenously expressed wild-type Rac (Fig. 4F) . In EDG5 cells transiently transfected with myc-tagged V 12 -Rac, by contrast, S1P failed to reduce the amount of the GTP-loaded form of V 12 -Rac (Fig.  4F) , as for V 12 -Rac-induced membrane ruffling (Fig. 2B) . Unexpectedly, we found that the expression of V 12 -Rac in EDG5 cells led to a considerable increase in the level of the GTPbound form of endogenous Rac, compared to the level in cells expressing exogenous wild-type Rac. Moreover, S1P failed to detectably reduce the level of the GTP-bound form of endogenous Rac in cells expressing V 12 -Rac. p65PAK is implicated as an downstream effector of Rac in the signaling leading to cell migration (14) . Moreover, it was recently demonstrated that p65PAK can be activated by sphingosine (11, 33) . In all four CHO cell types, IGF I indeed stimulated PAK activity in a Rac-dependent manner (Fig. 5) . In EDG1 cells and EDG3 cells S1P also stimulated PAK activity (Fig. 5A) , whereas in EDG5 cells S1P did not stimulate PAK activity by itself and inhibited IGF I-induced PAK activation by 60% (Fig. 5A) . S1P failed to inhibit PAK activation induced by the expression of V 12 -Rac in EDG5 cells (Fig. 5B) , as for membrane ruffling induced by V 12 -Rac (Fig. 2B) . The activities of EDGs on activation of Rho and Cdc42. We further determined the effects of S1P on the activity of Rho and Cdc42, which are also implicated in cell migration (3, 6, 13, 22, 38) . Consistent with our previous observation (20) that S1P a EDG cells were stimulated with S1P (10 Ϫ7 M) or dihydro-S1P (10 Ϫ7 M) for 1 min, except IGF I-stimulated EDG5 cells, which were pretreated with S1P or dihydro-S1P for 10 min and then stimulated with IGF I for 1 min. The amounts of GTP-bound Rac and Rho were determined as described in Materials and Methods. ‫,ء‬ statistically significant compared to the value in the absence of a stimulus (P Ͻ 0.01). induces stress fiber formation via EDG5 ( Fig. 2A) , S1P increased the amount of GTP-loaded Rho in EDG5 cells in a dose-dependent manner (Fig. 6A) . S1P also increased the amount of GTP-Rho in EDG3 cells. S1P-induced Rho activation in both EDG3 cells and EDG5 cells was rapid and reached a peak at 3 min, followed by a lower level of sustained activation (Fig. 6C) . In EDG1 cells and parental CHO cells S1P failed to increase the amount of GTP-Rho except at the highest concentration employed. IGF I did not change the level of GTP-Rho in any of the four cell types. Dihydro-S1P induced magnitudes of Rho activation similar to those induced by S1P in both EDG3 cells and EDG5 cells ( Table 2 ). The amount of GTP-bound Cdc42 was at a readily detectable level in an unstimulated state in all four cell types (Fig. 6B) . Neither S1P nor IGF I altered the level of GTP-loaded Cdc42 in these cell types ( Fig. 6B and D) . In Swiss 3T3 cells, however, bradykinin, a G protein-coupled receptor agonist which has been demonstrated to induce filopodium formation in this cell type (36) , evoked a time-dependent Cdc42 activation (Fig. 6D) . EDG5-mediated inhibition of chemotaxis does not involve cyclic AMP, Gi, ERK, p38, Rho kinase, or PKC. We previously showed that EDG5 is weakly coupled to stimulation of adenylate cyclase (20) . A rise in the intracellular cyclic AMP level has been shown to lead to inhibition of cell migration in neutrophils and other cell types (19, 23, 37) . However, cyclic AMP does not likely contribute to EDG5-mediated inhibition of chemotaxis in CHO cells. This notion is based on the following observations. First, the S1P dose-response curve for the cyclic AMP increase in EDG5 cells is shifted to the right approximately 100-fold compared to that for inhibition of chemotaxis (compare Fig. 1B and Fig. 9 of reference 20) . Second, the adenylate cyclase activator forskolin did not inhibit IGF I-induced chemotaxis or Rac activation in EDG5 cells at the dose that causes an increase in cellular cyclic AMP similar to that caused by S1P at 0.1 M, which is a maximally inhibitory dose for chemotaxis (Fig. 7A) . Third, we observed that although higher concentrations of forskolin, which induced a considerable rise in cellular cyclic AMP above a level achieved with S1P, and dibutyryl cyclic AMP inhibited chemotaxis toward IGF I, they did not inhibit IGF I-induced Rac activation ( Fig.  7A and B) . Finally, the protein kinase A inhibitor H-89 failed to abolish inhibition by S1P of IGF I-induced Rac activation and chemotaxis (Fig. 7C) .
In addition to the cyclic AMP signaling pathway, we explored the possibility of the involvement of other signaling pathways in EDG5-mediated inhibition of chemotaxis. However, none of the inhibitors, which include PTX, the Rho kinase inhibitor HA1077, the MAPK kinase inhibitor PD98059, the p38MAPK inhibitor SB203580, and the PKC inhibitor GF109203X, affected S1P-induced inhibition of chemotaxis (Fig. 7C) .
EDG5 signaling interferes with IGF I-induced Rac activation at a site downstream of PI 3-kinase. Like IGF I-induced chemotaxis and membrane ruffling (Fig. 7A) , IGF I-induced Rac activation in EDG5 cells was sensitive to LY294002 and wortmannin (Fig. 7B) , indicating the dependence of Rac activation on PI 3-kinase in IGF I-stimulated cells. This observation and results showing that IGF I-induced chemotaxis and membrane ruffling are dependent on cellular Rac activity indicate that PI 3-kinase is acting upstream of Rac in the IGF I signaling leading to chemotaxis and membrane ruffling. To delineate a site(s) at which EDG5 negatively regulates the IGF I signaling pathway, we studied and compared the effects of S1P on PI 3-kinase activity in all EDG cell types. As shown in Fig. 8 , treatment with S1P at 0.1 M of any EDG cell type, but not of CHO cells, stimulated the PI 3-kinase activity approximately twofold over a basal value. IGF I induced even stronger (10-fold) stimulation of PI 3-kinase activity in the four CHO cell types. Importantly, S1P did not inhibit this effect of IGF I on the PI 3-kinase activity in EDG5 cells, as in the other cell types. These observations clearly indicate that EDG5 exerts inhibition on the IGF I-induced signaling at a site beyond PI 3-kinase.
S1P stimulates Rac-GAP activity, but does not inhibit Rac-GEF activity, through EDG5. The activities of the small GTPases including the Ras and Rho family proteins are regulated by the actions of GEFs and GAPs. We tried to identify the molecular mechanism by which EDG5 negatively regulates Rac activation. Treatment of EDG1 cells and EDG5 cells with S1P led to stimulation of Rac-GEF activity in cell lysates (Fig.  9A) . IGF I also stimulated Rac-GEF activity in both cell types. On the other hand, treatment of EDG1 cells with S1P tended to inhibit Rac-GAP activity in cell lysates (Fig. 9B, left) . In contrast, treatment of EDG5 cells with S1P stimulated Rac-GAP activity. IGF I was without a significant effect on Rac-GAP activity in either cell type (Fig. 9B, right) . The stimulatory effect of S1P on GAP activity in EDG5 cells was time dependent: stimulation of GAP activity by S1P was maximal after 10 min of treatment in the presence and absence of IGF I (Fig.  9C, left) . The stimulatory effect of S1P on GAP activity was also dose dependent, with a maximal stimulation observed at 0.1 M (Fig. 9C, right) .
DISCUSSION
To date, there are only several reports (9, 19, 23, 37, 46) on inhibitors for chemotaxis, i.e., chemorepellants. These include a -opioid agonist, prostaglandin E, and pituitary adenylate cyclase-activating peptide, which reportedly act mainly on leukocytes via cell surface receptors. Cellular mechanisms by which the chemorepellants suppress cell migration have remained largely unknown. S1P is unique and distinct from these chemorepellants in that it bidirectionally regulates cell migration, i.e., S1P acts as a chemoattractant for certain cell types (34, 40, 41, 73) , while it strongly inhibits cell migration in others (12, 31, 59, 72, 77) ; the latter include several tumorderived cell types. S1P is a normal constituent of the blood and is present at a substantially high concentration (Ͼ0.1 M), most of which is bound to albumin (79) . This suggests that blood-borne mediator S1P is capable of regulating cell motility in various tissues. S1P is released from activated platelets (76) . S1P also likely acts as a paracrine regulator for cell migration under certain circumstances. There exist at least four different isoforms of the G protein-coupled cell surface receptor for S1P with signaling characteristics distinct from each other (44, 66, 68) . Thus, it is quite reasonable to postulate that many of pleiotropic actions of S1P, including bidirectional effects on cell migration, are mediated by the EDG family receptors (5, 26, 29, 44, 49, 66, 68) .
In the present study we identified EDG5 as a receptor to mediate inhibition of chemotaxis, whereas the other two, EDG1 and EDG3, are receptors mediating chemotaxis. Importantly, we demonstrated that EDG5 is the first receptor that negatively regulates the small G protein Rac, a critical regulator of the actin cytoskeleton and cell motility, whereas EDG1 We demonstrated in the present study that CHO cells overexpressing EDG5, but not EDG1 or EDG3, exhibited inhibition of chemotaxis toward IGF I in response to the S1P concentration gradient (Fig. 1) . S1P did not at all affect the adhesion of EDG5 cells to the fibronectin-coated substratum, indicating that EDG5 actually mediated the inhibition of migration. The relative potencies of various sphingolipids in inhibiting cell migration (Table 1 ) are in good agreement with their previously reported relative agonist potencies for EDG5 (20, 71) . Consistent with its inhibitory activity on cell migration, EDG5 also mediated inhibition of IGF I-induced membrane ruffling, whereas EDG1 and EDG3 mediated induction of membrane ruffling (Fig. 2) . Nontransfected parental CHO cells, which show a low level of expression of endogenous EDG5 (51), also exhibited S1P inhibition of chemotaxis toward IGF I, although to a lesser extent (Fig. 1A) . It was previously demonstrated that human vascular smooth muscle cells (12) and certain tumor cells including B16 melanoma cells (59, 72, 74, 77) respond to S1P with inhibition of directed cell migration. We identified EDG5 as a dominant EDG subtype expressed in vascular smooth muscle cells and B16 melanoma cells (H. Okamoto, H. Yamaguchi, Y. Ryu, and Y. Takuwa, unpublished observations). This suggests the interesting possibility that S1P-induced inhibition of migration of these cell types may be mediated by endogenously expressed EDG5 receptors. On the other hand, intracellular action mechanisms for S1P-induced inhibition of cell motility are suggested (65, 74) . It was demonstrated in breast cancer cells that flash photolysis of caged S1P incorporated into cells induced inhibition of cell migration, suggesting an intracellular role for S1P in inhibiting cell migration (74) . The same group also demonstrated that overexpression of the S1P-synthesizing enzyme sphingosine kinase in breast cancer cells induced inhibition of cell migration without a significant release of S1P into the extracellular space (74) . In addition, it was shown that sphingosine, a precursor of S1P, could alter cellular PAK activity (11) and PDK1 activity (33) . It was also noted that higher concentrations of S1P are required for inhibition of cell motility in breast cancer cells (72, 74) than in vascular smooth muscle cells (12) and B16 melanoma cells (59, 77) . Moreover, dihydro-S1P, an agonist for the EDG S1P receptors (70, 71) , is ineffective in inhibiting the motility of the breast cancer cells (74) , which contrasts with the present data for CHO-EDG5 cells (Table 1) . Thus, these data suggest that there may be more than a single cellular mechanism for S1P inhibition of migration and that mechanisms for S1P inhibition of cell migration could be different in different cell types. Accumulated evidence strongly suggests that Rac plays an important role in chemotactic signaling. Thus, the expression of N 17 -Rac in a variety of cell types inhibits directed cell migration toward diverse chemoattractants, including plateletderived growth factor (PDGF), LPA, epidermal growth factor (EGF), insulin, and colony-stimulating factor-1 (3, 7, 42) . Conversely, the expression of L 61 -Rac, an active form of Rac, in COS-7 cells was shown to enhance migration toward EGF (32, 42) , although others (28, 61) reported that expression of an active Rac instead reduced cell motility. It was also shown that expression of Tiam1, a GEF for Rac, promoted random motility of the epithelial MDCK cells in a matrix-dependent manner (61) and also haptotaxis of COS-7 cells (42) . Moreover, it was recently shown that the chemoattractants N-formyl-MetLeu-Phe and leukotriene B 4 activated Rac in neutrophils via Gi protein (2) . We observed in the present study that migration and membrane ruffling induced by either S1P or IGF I were equally abolished by adenoviral vector-mediated expression of N 17 -Rac ( Fig. 2 and 3A) . Very recently, it was demonstrated that endogenous EDG1 in endothelial cells mediates cortical actin filament assembly in a Rac-dependent manner (40) . These results together confirm critical roles for Rac in the signaling for chemotaxis and membrane ruffling that is elicited by both G protein-coupled heptahelical receptors and receptor tyrosine kinases. Consistent with the Rac dependence of the S1P effects in EDG1 and EDG3 cells, we observed that S1P activated Rac in these cell types, while IGF I activated Rac in any of the three EDG cell types (Fig. 4A) . One of the most striking findings in the present study was that the S1P effects on Rac activity in EDG5 cells were exactly the opposite of those in EDG1 and EDG3 cells. In EDG5 cells, S1P by itself did not induce Rac activation, chemotaxis, or membrane ruffling, but rather inhibited these responses. More impressively, S1P abolished all of the responses induced by IGF I (Fig. 1, 2, and 4) . Significantly, the S1P dose-response relationships for inhibition of Rac activation (Fig. 4B) and chemotaxis (Fig. 1A) in EDG5 cells are similar. In addition, consistent with the suppressing action of S1P on Rac activity in EDG5 cells, S1P inhibited IGF I-induced activation of PAK (Fig. 5) , a known downstream effector of Rac (47) . All these results provide further support for the notion that Rac plays an essential role in regulating cell migration and highlight EDG5 as a unique receptor that negatively controls Rac.
Previous reports (3, 5, 13, 21) implicate the other two members of the Rho family G proteins, Rho and Cdc42, in cell migration. We observed in the present study that expression of N 17 -Cdc42, but not of N 19 -RhoA, abolished chemotaxis toward IGF I (Fig. 3B) , indicating the essential role for Cdc42. The unstimulated level of GTP-bound Cdc42 was readily detectable in the CHO cell types, although neither S1P nor IGF further activated Cdc42 in any of the four CHO cell types (Fig. 6B) . The fact that we observed bradykinin-induced stimulation of Cdc42 activity above an unstimulated level in Swiss 3T3 cells (Fig. 6D) confirms the validity of our assay procedure for Table 1. GTP-bound Cdc42. Thus, the present observations suggest that a basal level of activity of Cdc42 is likely important for chemotaxis in CHO cells, although it also remains possible that expression of N 17 -Cdc42 could inhibit Rac-GEF and result in inhibition of Rac. On the other hand, the present results for N 19 -RhoA expression (Fig. 3A) and measurements of cellular RhoA-GTP content (Fig. 6A) indicate that RhoA is not likely to be involved in either S1P induction or inhibition of chemotaxis. S1P similarly induces an increase in RhoA-GTP in both EDG3 cells and EDG5 cells (Fig. 6A) , while it stimulates and inhibits migration in EDG3 cells and EDG5 cells, respectively. Our results for S1P-induced Rho activation in EDG cells are consistent with previous observations that EDG3 and EDG5 mediate stress fiber formation in endothelial cells (40) and CHO cells (20) and neurite retraction and cell rounding in PC-12 cells (71) and that EDG1 does not mediate stress fiber formation in endothelial cells (40) .
In EDG1 cells, the effects of S1P on Rac activation, membrane ruffling, and chemotaxis were all dependent on both Gi and PI 3-kinase, whose properties are compatible with the known properties of chemoattractants acting via the G proteincoupled heptahelical type of receptors (2, 23, 45, 50, 80) . IGF I-induced Rac activation, membrane ruffling, and chemotaxis were also dependent on PI 3-kinase but not Gi (Fig. 2 and 7) . Previous studies (2, 24) demonstrated that chemoattractant receptors induced stimulation of Rac via activation of PI 3-kinase. We found that levels of Rac activation induced by IGF I in all four CHO cell types and by S1P in EDG1 and EDG3 cells were equally inhibited by the PI 3-kinase inhibitors (Fig. 7) , indicating that Rac activation occurs downstream of PI 3-kinase activation. Unexpectedly, we observed that S1P activated PI 3-kinase in EDG5 cells despite its inhibitory effect on Rac activation (Fig. 8) . This observation indicates that S1P inhibits Rac activity at a site beyond PI 3-kinase.
The cellular activity of Rac is regulated by Rac-GEFs as represented by Tiam1 and vav, which have been shown to act downstream of PI 3-kinase (36, 61) , and Rac-GAPs (69). Our results for the determination of Rac-GEF activity and Rac-GAP activity showed that, like IGF I, S1P stimulated Rac-GEF activity similarly in EDG5 cells and EDG1 cells but, notably, that S1P stimulated Rac-GAP activity only in EDG5 cells (Fig.  9 ). These observations suggest that EDG5 negatively regulates Rac activity through a mechanism involving stimulation of Rac-GAP rather than inhibition of Rac-GEF. In support of this notion, in EDG5 cells expressing the GTPase-deficient V 12 -Rac, S1P failed to inhibit membrane ruffling and PAK activation and to reduce the amount of GTP-bound V 12 -Rac (Fig. 2B, 4F, and 5) . Interestingly, expression of V 12 -Rac in EDG5 cells caused an increase in the GTP-bound form of endogenous Rac and also prevented its inhibition by S1P (Fig.  4F) . A plausible explanation would be that V 12 -Rac expressed in EDG5 cells could sequester cellular Rac-GAPs and consequently abolish EDG5-mediated, Rac-GAP-dependent inhibition by S1P of Rac activity. However, the extent of EDG5-mediated stimulation of Rac-GAP activity in the present results was rather smaller, although our assay condition might not be optimal. Thus, we speculate that it is possible that other mechanisms, including ones involving guanine nucleotide exchange inhibitor protein and Rac-GEF, could be cooperating.
Another point of interest in the present study is our observation that the expression of N 17 -Ras only partially inhibited, by 30% at most, migration toward IGF I and S1P (Fig. 3A) . The expression of N 17 -Ras totally blocks the action of endog- FIG. 9 . EDG5 mediates stimulation of Rac-GAP activity but not inhibition of Rac-GEF activity. (A and B) EDG1 and EDG5 cells were stimulated with S1P (0.1 M) or IGF I (100 ng/ml) for 1 min (GEF assay) or 10 min (GAP assay) or were not stimulated. (C, left) EDG5 cells were treated with S1P (0.1 M) for the indicated times. IGF I (100 ng/ml) was present for the last 1 min of the incubation when indicated. (Right) EDG5 cells were stimulated with various concentrations of S1P with or without IGF I (100 ng/ml) for 10 min. Cell lysate was prepared. Rac-GEF activity in cell lysate was assayed using [ 3 H]GDP-loaded recombinant Rac protein as described in Materials and Methods. Similarly, Rac-GAP activity in cell lysate was determined using [␥-
33 P]GTP-loaded Rac. The values at 5 min in the Rac-GAP assay are shown. All values are means Ϯ standard errors of three determinations. The results are representative of two or three experiments with similar results. ‫ء‬ (C), statistically significant (P Ͻ 0.05) compared to the value for nonstimulated cells analyzed as described for Table 1. enous Ras in this cell type under the experimental condition we employed, because we previously observed that the adenovirus-mediated expression of N 17 -Ras abolished S1P-induced ERK activation (51) . This observation is in contrast to a previous study (36) showing that expression of N 17 -Ras nearly abolished migration of NIH 3T3 cells toward the PDGF B chain and LPA. It was previously shown that microinjection of active Ras in Swiss 3T3 cells and other cell types mimics the effect of active Rac on the actin cytoskeleton (56) , which led to the idea that Ras is located upstream of Rac. In support for this notion, a recent study (62) demonstrated that the Ras-GEF, Sos-1, mediates PDGF-induced Rac activation downstream of Ras by forming a complex with two other proteins. However, the present observations in CHO cells indicate that Rac is not always located downstream of Ras, in a linear fashion, suggesting that more than a single mechanism for chemoattractant-induced Rac activation are operative.
In conclusion, EDG5 negatively regulates Rac activity and cell migration. To our knowledge, this is the first report showing that there exists a receptor type associated with inhibition of Rac. Intriguingly, the receptors for previously reported chemorepellants are also of the heptahelical type (9, 19, 23, 37, 46) . Cellular mechanisms by which these agonists exert inhibition of cell migration are presently poorly understood. It is an interesting question whether these chemorepellant receptors share the capacity to inhibit Rac activity with EDG5. Another interesting subject is what functional roles the chemorepellant receptor class with Rac-inhibiting activity play in morphogenesis involving cell motility during fetal life and pathological processes including inflammation and tumor invasion and metastasis during adult life.
